MicroRNA (miRNA) transcription is still not well understood until now. To increase the miRNA abundance, we stimulated miRNA transcription with CuSO 4 and knocked down Drosha enzyme using dsRNA in Drosophila S2 cells. The full length transcripts of bantam, miR-276a and miR-277, the 5′-end of miR-8, the 3′-end of miR-2b and miR-10 were obtained. We also conducted a series of miRNA promoter analysis to prove the reliability of RACE results. Luciferase-reporter assays proved that both bantam and miR-276a promoters successfully drove the expressions of downstream luciferase genes. The promoter activities were impaired by introducing one or multiple mutations at predicted transcription factor binding sites. Chromatin immunoprecipitation analysis confirmed that hypophosphorylated RNA polymerase II and transcription factor c-Myc physically bind at miRNA promoter. RNA interference of transcription factors Mad and Prd led to down-expression of bantam, miR-277 and miR-2b but not miR-276a, whereas RNAi of Dorsal had the opposite effect.
Introduction
MicroRNA (miRNA) is an important class of non-coding RNAs (ncRNAs), which plays an important role in post-transcriptional regulation of protein coding genes. The miRNA biogenesis procedure can be divided into the following steps. First, primary miRNAs (pri-miRNAs) are transcribed from genomic DNA in the nucleus. Second, precursor miRNAs (pre-miRNAs) are processed from pri-miRNAs by the enzyme Drosha in the nucleus. Third, pre-miRNAs were transported to the cytoplasm where they are cleaved by the enzyme Dicer into a short double-stranded miRNA duplex (mature miRNA) which are generally~22 nt [1] . Finally, mature miRNAs target the complementary sequence of messenger RNA (mRNA), leading to translational repression or mRNA degradation in a wide range of organisms.
According to their locations in the genome, miRNA genes are classified into intragenic and intergenic. Though some intronic miRNAs were reported to have their own promoters [2] , intragenic miRNAs are generally thought to be transcribed in parallel with their host genes [3] . As an exception, a kind of special intronic miRNA, mirtron, is spliced out of the host transcripts into the direct substrate of Dicer [4] [5] [6] [7] .
In recent years, major progress has been made in understanding the expression and function of miRNA genes [8, 9] . However, miRNA transcription is less understood. Only a limited number of intergenic miRNAs have been extensively studied on their full-length transcripts, including worm let-7 [10] , human H19 RNA (pri-mir-675) [11] and the mir-19-92 cluster [12, 13] , and vertebrate pri-mir-21, mir-223, mir-155, pri-mir-34a, pri-mir-23a-27a-24-2 and the miRNA cluster of mir-290-291a-292-291b-293-294-295 [14] [15] [16] . In general, these examined miRNAs had type-II RNA polymerase (pol II)-like promoters.
MiRNA expression is regulated by transcription factors. However, understanding cis-acting elements of miRNA expressions mainly relies on bioinformatics analysis and is still short of experimental evidences [17] . At present, only several transcription factors were experimentally confirmed, such as NF-kappaB p65 [18] , c-Myc [19] , hbl-1 [20] , Hth and Tsh [21] , Ap-1 STAT3 and DBP [22] , FLYWCH [23] and AtMYC2, ARF, SORLREP3, and LFY in Arabidopsis [24] .
A better understanding of miRNA transcription will provide new insights into not only treating miRNA-associated diseases [25] but also seed breeding or pest control in agriculture [26] . In addition, knowledge of full-length transcripts of miRNAs and their regulatory elements will benefit feature selection of ncRNA genes, which is critical for developing algorithms for intergenic region annotation [27, 28] . In this work, we studied the transcription of intergenic miRNAs in Drosophila melanogaster, aiming to provide information on intergenic pri-miRNA and their regulatory elements. Full length primiRNAs were obtained after knocking down the expression of Drosha.
Core promoters, regulatory motifs and transcription factor binding sites (TFBS) were analyzed and confirmed by chromatin immunoprecipitation (ChIP) and luciferase reporter assays.
Materials and methods

Fly and cell culture
The wild type fruit fly w 1118 line was reared on standard medium at 25°C. Drosophila S2 cells (Invitrogen, Carlsbad, CA) were cultured in plastic flasks at 28°C in Schneider's Drosophila medium (GIBCOInvitrogen, Carlsbad, CA) supplemented with 10% heat inactivated fetal bovine serum (FBS).
RNA interference
Double-stranded RNAs (dsRNA) were transcribed in vitro using a T7 RiboMax Express RNAi kit (Promega, Madison, WI). T7 RNA promoter sequences were added at 5′ end of both forward and reverse primers. For Drosha gene, a 707-bp fragment was amplified. The forward primer was dsDrosha_forward (5′-GGA TCC TAA TAC GAC TCA CTA TAG GCA CCA AGC CGG-3′) and the reverse primer was dsDrosha_reverse (5′-GGA TCC TAA TAC GAC TCA CTA TAG GTT GCC AAA TCT GGA CAT-3′). For transcription factors Dorsal gene, the primers were dsDorsal_Forward (5′-GGG ATC CTA ATA CGA CTC ACT ATA GGA TCT GAA TTC GGT GCG ATT-3′) and dsDorsal_Reverse (5′-GGA TCC TAA TAC GAC TCA CTA TAG GTA ATG GCA GTC TGC TTG TGG-3′). The primers for amplifying Myc were dsMyc_Forward (5′-GGA TCC TAA TAC GAC TCA CTA TAG GCA AAG  TGA CGC ATA GCT CCA-3′) and dsMyc_Reverse (5′-GGA TCC TAA TAC  GAC TCA CTA TAG GGG TTA TCC TAG CCC TAC GCC-3′). The primers for  Mad were dsMad_Forward (5′-GGA TCC TAA TAC GAC TCA CTA TAG GAA  ATG GGC TCT CCG CAT AAT-3′) and dsMad_Reverse (5′-GGA TCC TAA  TAC GAC TCA CTA TAG GAG CTC GCT GTC CAT TTT CAT-3′). The primers  used for amplifying Paired gene were dsPaired_Forward (5′-GGA TCC  TAA TAC GAC TCA CTA TAG GTT TGC CCA GTG TGG TAT CAA-3′) and  dsPaired_Reverse (5′-GGA TCC TAA TAC GAC TCA CTA TAG GTA CAA CTG  CGA CTG ACT GGC-3′) .
For RNAi experiments, the exponentially diluted S2 cells were seeded into 6-well plates (Corning) at a final concentration of 10 6 cells/ml per well. Then, 15-μg dsRNA and 3.5 μl of 700-mM CuSO 4 were added directly into the media and then swirled vigorously for 10 s. Cells were incubated at 28°C for 72 h before subsequent experiments [29] [30] [31] .
RNA extraction and PCR
Total RNA was isolated from adult fruit flies or S2 cells using TRIzol (Invitrogen), followed by DNase I treatment (TaKaRa, Japan). The cDNA template was synthesized using SuperScript III (Invitrogen) with oligo-dT 18 as anchor primers. Quantitative real-time PCR was performed on the ABI PRISM 7300 using SYBR green PCR Master Mix (Applied Biosystems, Foster City, CA).
Quantitative real time PCR (qPCR)
The mRNA abundance of examined genes including enzyme Drosha, transcription factors Dorsal, Myc, Mad and Prd, miRNA genes bantam, miR-276a, miR-277 and miR-2b was estimated by qPCR. Ribosomal protein L11 (RpL11) was used as the reference gene. All primers used in the qPCR are listed in the supplemental material (Table S1 ).
RACE
RNA ligase-mediated rapid amplification of 5′ and 3′ cDNA ends (RLM-RACE) was performed using a GeneRacer kit (Invitrogen, Carlsbad, CA) following the manufacturer's instructions. The primiRNA transcripts were obtained by RACE using universal primer provided in the GeneRacer kit and gene-specific primers (GSP) of different miRNAs. The RACE products were separated on agarose gels by electrophoresis, and cloned into the pGEM-T Easy vector (Promega, Madison, WI) for sequencing. The full length transcripts were confirmed by end-to-end RT-PCRs with primers designed at both ends. All the primer sequences are listed in Table S1 .
Site-directed mutagenesis of miRNA promoters
Site-directed mutagenesis of transcription factor binding sites (TFBS) of bantam and miR-276a was performed using an in vitro SiteDirected Mutagenesis System (Promega). Two complimentary oligonucleotides containing desired mutations were synthesized. All primers used for site-directed mutagenesis are listed in Table S2 . The reactions were carried out following the manufacturer's protocol (10 μl 5× PrimeSTAR GC Buffer, 2.5 mM each dNTP, 10 μM each primer, 200 ng plasmid DNA, 2.5 U/μl primeSTAR HS DNA Polymerase and double distilled H 2 O to a final volume of 50 μl). The thermal cycling conditions contained a denaturation step at 95°C for 30 s followed by 16 cycles involving 95°C for 30 s, 55°C for 60 s and 68°C for 2 min on a PTC-200 Thermocycler. Reactions were terminated by placing on ice for 2 min. Then, 1-μl DpnI (10 U/μl) was added to each reaction and incubated at 37°C for 2 h. The plasmids were extracted using Qiagen Plasmid Mini Kit to eliminate endotoxin contamination. All constructs were sequenced to confirm that mutations were introduced at proper positions.
Luciferase reporter assays of miRNA promoters
The native promoters of miR-276a and bantam amplified by PCR from Drosophila genomic DNA and the mutated promoters produced with site-directed mutagenesis kit were cloned into pGL3-basic at the XhoI site (Promega), respectively. The constructs were extracted with an endo-free plasmid mini kit (Qiagen) and confirmed by sequencing. Drosophila S2 cells were plated in 6-well plates at a density of 2 × 10 6 cells/well in Schneider's culture medium (Invitrogen) 24 h prior to transfection. After culturing for 24 h, 4 μg of each constructs and 200 ng of pRL-cmv were co-transfected using lipofectamine (Invitrogen) into S2 cells in 6-well plates according to the manufacturer's recommendations. At 48 h post-transfection, cell lysates were prepared using passive lysis buffer provided by the manufacturer. Luciferase assays were performed using a dual-luciferase reporter assay system according to the manufacturer's protocols (Promega) with Mithras LB 940 luminometer (Berthold, German). Firefly luciferase activity was normalized to Renilla luciferase activity.
Chromatin immunoprecipitation assay
The ChIP assays were carried out using the protocol described by Cavalli et al. [32] with some modifications.
Formaldehyde cross-linking cells
Approximately 200 mg of flies or 2 × 10 6 S2 cells were cross-linked with 1.8% formaldehyde in 5 ml buffer A1 at room temperature for 15 min. After adding glycine to a final concentration of 225 mM, the homogenate was centrifuged for 5 min at 4000 × g and 4°C. The buffer A1 contains 60 mM KCl, 15 mM NaCl, 4 mM MgCl 2 , 0.5% Triton X-100, 0.5 mM DTT, 10 mM sodium butyrate, 15 mM HEPES pH7.6, EDTAfree protease inhibitor cocktail (Calbiochem, EMD Biosciences, Madison, WI). The crude nuclei pellet was then washed three times in 3 ml buffer A1 and once in 3 ml lysis buffer (140 mM NaCl, 15 mM HEPES pH 7.6, 1 mM EDTA, 0.5 mM EGTA, 1% Triton X-100, 0.5 mM DTT, 0.1% sodium deoxycholate and protease inhibitors) at 4°C.
Cell lysis and sonication
Nuclei was suspended in 0.5 ml lysis buffer in the presence of 0.1% SDS and 0.5% N-lauroylsarcosine and incubated for 10 min on a rotating wheel at 4°C. After sonication involving four pulses of 25 s with 2-min intervals (Soniprep 150, Sanyo Japan) and 10-min highspeed centrifugation, fragmented chromatin was recovered in the supernatant. Chromatin in lysis buffer was pre-incubated in the presence of 100 μl of a 50% (w/v) protein A-sepharose (PAS) suspension (Amersham, Piscataway, NJ) for 4 h at 4°C.
Chromatin precipitation
Rabbit polyclonal anti-Myc antibody (d1-717, Santa Cruz, CA) and mouse monoclonal anti-Pol-II antibody (8WG16, Santa Cruz, CA) were used to immune-precipitate chromatin fragments. Samples were incubated overnight at 4°C on a rotating wheel. Then, 50 μl of PAS was added and incubation was continued for 4 h at 4°C.
Wash, elution and reverse cross-linking
Samples were washed four times in 1 ml lysis buffer and twice in 1 ml TE buffer (pH 8.0). Chromatin was eluted in two steps: first in 100 μl 50 mM Tris buffer (pH 8) solution containing 10 mM EDTA and 1% SDS at 65°C for 10 min, followed by centrifugation and recovery of the supernatant. PAS material was re-extracted in 150 μl TE containing 0.67% SDS. The cross-linked eluate (250 μl) was incubated for 6 h at 65°C to reverse the cross-linking and treated with proteinase K and RNase I. Samples were phenol-chloroform extracted and ethanol precipitated. The immunoprecipitated DNA was re-suspended in 25 μl of water as a template for the ChIP-PCR.
ChIP-PCRs
"Input DNA" was obtained from chromatins before immunoprecipitation. For detecting pol-II sites, we designed primers at the regions of −250, +50 around TSSs. The primer sequences were given in Table S1 . The thermal cycling conditions for the PCRs involved an initial cycle of 3 min at 94°C; then 30 s at 94°C, 30 s at 70°C with touchdown of −1°C per cycle and 30 s at 72°C for 10 cycles; 23 cycles of 30 s at 94°C, 30 s at 58°C and 30 s at 72°C; with a final cycle of 72°C for 5 min. Following amplification, ChIP-PCR products were resolved on 1.5% (w/v) agarose gels and viewed by UV transillumination using QuantityOne software (GelDoc System 2000; BioRad, Hercules, CA, USA).
Bioinformatics
Intergenic miRNAs of Drosophila were downloaded from miRBase (Version12.0) and their distance to adjacent genes was calculated by mapping their sequence to the fruit fly genome (Flybase, release5.8). Sequence conservation was examined using the UCSC genome browser (http://genome.ucsc.edu/). Putative binding sites for transcription factors of conserved genomic regions were predicted by PROMO 3.0 (Transfac v8.3) [33, 34] . Motif pattern discovery was performed with MEME server (version 3.5.7) using the default parameters of motif length 6-50 bases and motif mode "Zero or one per sequence".
Results
Increasing miRNA abundance in S2 cells by CuSO 4 stimulation and RNAi of Drosha
Due to the fast processing of pri-miRNA into pre-miRNA by Drosha, pri-miRNAs is generally low abundant. Therefore, it is hard to amplify the full length transcripts of pri-miRNAs with normal strategies. To increase the abundance of pri-miRNA, we added 3.5 μl 700 mM CuSO 4 into Schneider's Drosophila medium to stimulate gene transcription. We also knocked down the Drosha enzyme with RNAi method to block primiRNA processing. After soaking S2 cells in medium containing doublestranded RNA for 72 h, we successfully repressed Drosha by more than 70% after normalized with the housekeeping gene RpL11 (Fig. 1A) .
According to the annotations in the miRbase, we selected 13 intergenic miRNAs to amplify their full length transcripts. Among which, three were on the left arm of chromosome 2 (2L), three on the right arm of chromosome 2 (2R), three on 3L, three on 3R and one from chromosome X (Table S1 ). The fragments of 13 miRNAs were successfully amplified in the treated S2 cells whereas only eight of them were detected in the untreated S2 cells, suggesting that the abundance of pri-miRNAs were apparently increased in the RNAitreated S2 cells (Fig. 1B) .
Amplifying the full-length transcripts of pri-miRNAs
Using the RACE strategy, we successfully amplified the 5′ end of four pri-miRNAs (bantam, mir-276a, mir-277 and mir-8) and the 3′end of five miRNAs (bantam, mir-2b, mir-10, mir-276a and mir-277) from the RNAitreated S2 cells. The full-length transcripts of bantam, mir-276a and mir-277 were assembled and then confirmed by end-to-end RT-PCR (Table 1 , Fig. 2 ). All transcripts have capped G and poly (A) tails, the typical structure features of the product of pol-II promoter. The sequences of priBantam, pri-miR-276a and pri-miR-277 were near perfectly matched with Drosophila genome using BLAT at the UCSC Genome Browser.
Based on RACE results and end-to-end PCR validation, there are two alternative spliced isoforms of Bantam. The long isoform was 2504 bp with four introns. The short isoform was 1406 bp with five introns (Fig. S1 ). Both pri-miR-276a and pri-miR-277 had two transcription starting sites (TSSs). The long pri-miR-276a was 1632 bp whereas the short pri-miR-276a was 873 bp. The long primiR-277 was 1300 bp and the short pri-miR-277 was 807 bp. There was an alternative intron of 429 bp located near the 5′ end of pri-miR-8. Pri-miR-10 had two alternative 3′ ends.
MiRNA promoter activity assay
To confirm the reliability of RACE results, we examined the activity of putative promoters deduced from the amplified full length transcripts. The dual-luciferase reporter system was used to assay promoter activity. The putative promoters of bantam and mir-276a were cloned from genomic DNA and ligated into plasmid pGL-3 at the upstream of a firefly luciferase gene. All constructs were sequenced for validation.
There was only one TSS for bantam. Two constructs were made with different lengths of bantam promoter regions. One was long promoter from nucleotides − 558 to + 30 flanking the TSS (construct P1), and the other was short promoter from nucleotides − 310 to +30 (construct P2). The results indicated that both long and short promoters had the ability to drive the expression of downstream luciferase gene. The long promoter had significant higher activity than the short promoter, suggesting that there were some enhancers located at the region of − 558 to − 330 (Fig. 3A ). There were two TSSs for miR-276a. We made one construct for each TSS. Construct P3 contained the promoter region from nucleotides − 239 to +49 flanking TSS1 and construct P4 included the putative promoter region flanking TSS2 (nucleotides +528 to +844). Construct P3 exhibited higher luciferase activities than P4, suggesting that TSS1 was the major TSS for mir-276a (Fig. 3B) . In all, luciferase-reporter assays confirmed that both putative bantam and miR-276a promoters had the activity of driving gene expression. This proved that the TSSs mapped with the RACE strategy are valid and reliable.
Binding of hypophosphorylated RNA polymerase II at miRNA promoter regions
Hypophosphorylated RNA polymerase II (Pol-IIa) has been reported to localize almost exclusively to the 5′ ends of genes [37] . The binding of pol-IIa indicates the active transcription of corresponding regions. To investigate whether Pol-IIa was involved in miRNA transcription, we performed ChIP experiments with the 8WG16 antibody (Santa Cruz Biotechnology, Santa Cruz, CA) that recognizes the hypophosphorylated Pol-IIa. The Pol-III promoter sequences were used as the negative control. ChIP-PCRs demonstrated the physical presence of Pol-IIa at the bantam, mir-8, mir-276a and mir-277 promoters. There were two TSSs for pri-mir-276a and pri-mir-277. We found that Pol-IIa was present upstream of two TSSs, suggesting that these multiple TSSs were true TSSs, which is consistent with the results of promoter activity assays (Fig. 4) . These results were in general agreed with the ChIP-chip analysis of in vivo DNA binding by the Berkeley Drosophila Transcription Network Project [38] , but our results provide more detail information of examined miRNAs.
Transcription factors participating in miRNA transcription
Transcription factors play a key role in regulating miRNA transcription. We predicted putative transcription factors binding sites (TFBSs) at the promoter regions confirmed by luciferase-reporter assays and ChIP-PCR analysis.
Binding of transcription factor Myc at miRNA promoter regions transcription factor Myc was reported to activate mir-17-92 cluster expression and repress a large set of miRNA genes in humans and mice [35, 36] . Binding sites of Myc were predicted at promoter regions of miR-8, miR-277 and miR-276a, as well as at downstream of bantam.
ChIP-PCRs confirmed the physical presence of Myc at the core promoter regions of miR-8, miR-277 and the downstream region of bantam. However, we did not detect Myc at the mir-276a promoter (Fig. 5) .
Mutations of TFBSs impair promoter activities to further study on the transcription factors involved in miRNA transcription, we mutated one or multiple TFBSs of Mad, Prd and Dorsal at the promoter regions of Bantam or miR-276a. The transcription activities of mutated miRNA promoters were examined by a dual-luciferase reporter system as described above. There was a binding site for Mad at nucleotides −20 These results suggested that positions +1 to +3 play a key role in the transcriptional regulation of Mad (Fig. 6A ). There were two binding sites for Prd (−31 and −6), one for Mad (+8) and one for Dorsal (+29) at the promoter region of miR-276a. We mutated one or multiple sites simultaneously in one construct. In total, 15 constructs were made containing mutated promoters of miR-276a. The results showed that all mutations reduced transcriptional activity of miR-276a promoter but different mutations had varied effects. The mutation at position −6 had apparently higher impact than that at position −30. Single mutation analysis indicated that Mad and Dorsal had similar regulatory roles on miR-276a transcription. Generally, multiple mutations had a higher effect on miR-276a transcription than a single mutation. Among the constructs containing three or four mutations, those having the mutation at position −6 had lower luciferase activities, suggesting that position −6 was the most important TFBS (Fig. 6B) .
RNAi of transcription factors we interfered with Dorsal, Myc, Mad and Prd in S2 cells using the RNAi technique. In the RNAi-treated S2 cells, the mRNA abundance of transcription factors decreased to 20-40% of the control level. The housekeeping gene RpL11 was used as the reference control (Fig. 7A) . Knockdown of Mad and Prd led to down-expression of bantam, miR-277 and miR-2b but not miR-276a. However, RNAi of Dorsal had the opposite effect, resulting in the down-expression of miR-276a but no other miRNAs. RNAi of Myc affected the expression of miR-277 and miR-2b (Fig. 7B) .
In conclusion, according to the results of ChIP-PCRs, site-directed mutagenesis of TFBS and RNA interference, we presented direct experimental evidence that Myc involved in the transcription of miR- 8, miR-277, miR-2b and Bantam. Mad and Prd activate Bantam, miR-277 and miR-2b but repress miR-276a. Dorsal activate miR-276a but no other miRNAs. It seems that miR-276a has a different regulation mechanism with other examined miRNAs.
Discussion
MiRNAs have attracted much attention since the first discovery of lin-4 in nematode. Thousands of miRNAs have been discovered and deposited in the miRBase from diverse organisms including vertebrates, nematodes, insects and plants [37] . However, possibly due to low abundance, miRNA transcription analysis is still not well known. Here, we proved that CuSO 4 stimulation and RNAi of Drosha is an efficient strategy to increase the abundance of the pri-miRNAs. After stimulating transcription and inhibiting the Drosha enzyme, the full length transcripts of three miRNAs were obtained.
Recently, in mammals, many high-throughput methods have been applied to study the transcriptional regulation and promoters of miRNA genes. By combining genome-wide screen cDNA, ChIP-chip or ChIP-seq with chromatin signatures (nucleosome mapping, CpG islands, and histone modification), many human and mouse gene boundaries and promoters have been estimated and predicted [38] [39] [40] . A tilling array was applied to detect RNA transcript accumulation after knocking out the Drosha enzyme in S2 cells [41] . However, high-throughput methods lack resolution and thus cannot identify the exact TSSs and detailed gene structures.
Alternative splicing of miRNA genes
In this study, we found that pri-bantam had five introns. Additionally, the gene structure of mir-8 had one alternative intron, suggesting that alternative splicing of pri-miRNAs might widely exist. Recently, it has been reported that primary miRNA transcript retention at sites of transcription leads to enhanced miRNA production because of the coordination of transcription and processing [42] . It has been reported that let-7 in Caenorhabditis elegans underwent trans-splicing before processing by Drosha [10] . Our data demonstrated that splicing of primary transcripts may happen frequently in miRNA biogenesis.
Multiple TSSs are an important mechanism for increasing the complexity of genes and contributing to diversity of function, which has been well studied in protein-coding genes. It has been reported that human miRNA gene cluster MIR23A-MIR27A-MIR24-2 and worm let-7 miRNA had alternative TSSs [10, 43] . In this study, we identified two TSSs for both mir-276a and mir-277. We also found multiple poly (A) tails for mir-10. In most cases, these alternative transcripts for each miRNA produced identical mature miRNAs. Therefore, they had limited influence on miRNA function. We argued that different TSSs might have varied transcriptional efficacy and thus regulate the expression of miRNA at fine-tune level. Further understanding of alternative splicing may provide more information for spatial-temporal regulation of miRNA genes.
Transcription factors in regulating miRNA genes
Although human Alu-related miRNAs were transcribed by RNA polymerase III [44] , most miRNAs are believed to be the products of RNA polymerase II [45] . In this work, we proved that hypophosphorylated RNA polymerase II and Myc physically binds to the promoter of bantam, mir-8 and mir-277. Luciferase assays indicated that putative miRNA promoters had transcriptional activities, and mutation of TFBSs impaired promoter activities. RNAi of Dorsal, Myc, Mad and Prd apparently affected the expression of miRNAs. It has been reported that some important transcription factors of protein-coding genes also participated in miRNA transcription. Our work confirmed that most, if not all, intergenic miRNAs share a similar transcriptional regulation network as protein-coding genes. The sequences of a pol-III promoter were used as the negative control. Two transcription starting sites (TSSs) found by 5′-RACE was selected for miR-276a and miR-277, respectively. As indicated by ChIP-PCRs, miR-276a TSS2 was not an active transcriptional starting site. Pol-IIa binds at all other examined promoters. 
Conclusions
The 5′ end of four miRNAs and 3′ end of five miRNAs were obtained with the RACE strategy. The full-length transcripts of bantam, mir-276a and mir-277 were obtained. We found that miRNA genes were also rich in alternative splicing sites. ChIP-PCRs results indicated that hypophosphorylated RNA polymerase II and transcription factor Myc physically bind to miRNA promoters.
Luciferase assays demonstrated that putative miRNA promoters drove the transcription of downstream luciferase gene. Mutation of TFBSs resulted in a decrease of promoter activities. RNAi of transcription factors apparently affected miRNA abundance. Intergenic miRNA genes in Drosophila were regulated by a similar transcriptional mechanism as protein-coding genes.
Supplementary materials related to this article can be found online at doi:10.1016/j.ygeno.2011.02.004. Site-directed mutagenesis of TFBSs of Mad, Prd and Dorsa at pri-mir-276a promoter. There were two binding sites for Prd (− 31 and − 6), one for Mad (+8) and one for Dorsal (+29) at the promoter region of miR-276a. The position(s) of mutation(s) was given in the bracket. Luciferase reporter assay indicated that position − 6 of Prd is the most important functional site at the promoter region of miR-276a. Multiple mutations resulted in low luciferase activities.
